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Electrical Resistivity of Selected Elements 

P. D. Desai, T. K. Chu, H. M. James, and C. Y. Ho 

Center for Information and Numerical Data Analysis and Synthesis, Purdue University, West Lafayette. Indiana 47906 

This work compiles, reviews, and discusses the available data and information on the 
electrical rcsis~ivity of hnfnium, molybdenum, tnntnlum, tungsten, nnd zinc nnd presents 
the recommended values resulting from critical evaluation, correlation, analysis, and syn
thesis of the available data and information. The recommended values presented are both 
uncorrected and also corrected for the thermal expansion of the material and cover the 
temperature range from 1 K to above the melting point into the molten state. The estimat
ed uncertainties in most of the recommended values are about ± 2% to ± 10%. 
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metals; molybdenum; recommended values; resistivity; tantalum; tungsten; zinc. 
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The principal objective of this project was to exhaus
tively compile, critically evaluate, analyze, and synthesize 
all the available data and information on the electrical resis
tivity of a large number of selected elements and to generate 
recommended values over a full range of temperature from 1 
K to the melting point and beyond. The results on the electri
cal resistivity of hafnium, tantalum, molybdenum, zinc, and 
tungsten are presented in this work, which is one in a series of 
similar works on the electrical resistivity of selected ele
ments, some already published. 1-3 The comprehensive study 
of the electrical resistivity of the elements at the Center for 
Information and Numerical Data Analysis and Synthesis 
(CINDAS) has been a continuation of a similar extensive 
work on the thermal conductivity of the elements.4 

The general background information on this work is 
given in Sec. 2, which includes a brief introduction to the 
theory of the electrical resistivity of metals, a detailed expla
nation of the specifics and conventions used in the presenta
tion of the data and information, and references cited in this 
section. 

Discussions on the electrical resistivity of hafnium and 
tantalum are given in Secs. 3.1 and 3.2, respectively, and 
references to the electrical resistivity of these two elements 
are given in Sec. 3.3. Similarly, molybdenum and zinc are 
covered in Sees. 4.1-4.3, and tungsten is covered in Secs. 5.1 
and 5.2. 

In the discussion of the electrical resistivity of each ele
ment, individual pieces of available data and information are 
reviewed, details of data analysis and synthesis are given, the 
considerations involved in arriving at the final assessment 
and recommendation are dl~cm:sed, the recommended val
ues and the experimental data are compared, and the uncer
tainties in the recommended values are stated. The recom
mended values uncorrected and corrected for the. thermal 
expansion of the material are both presented. The values 
cover the temperature range from 1 K to above the melting· 
point into the molten state. 

2. General Background 

2.1. Theoretical Background 

It was found experimentally by Matthiessen that the 
increase in the electrical resistivity of a metal due to the pres
ence of a small amouut uf alluUu::r lHetal in the solid solution 
is independent of the temperature.5 According to Matthies
sen's rule, the total electrical resistivity of an impure metal 
may, therefore, be separated into additive contributions: Po, 
residual resistivity caused by the scattering of electrons by 
impurity atoms and lattice defects and is temperature inde
pendent but dependent on the impurity concentration (c); 

J. Phys. Chem. Ref. Data, Vol. 13, No.4, 1984 
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andpi' the temperature-dependent intrinsic resistivity aris
ing from the scattering of electrons by lattice waves or phon
ons. However, in reality it is observed that 

p(c,T) =Po(c) +Pi(T) +.J (c,T), (I) 

where A is the deviation from Matthiessen's rule. 
It is to be noted that for some metals, especially transi

tion metals, an electron-electron scattering term I Pc) makes 
a significant contribution to Pi at low temperatures, and is 
generally included along with the Bloch-Gruneisen term6,7 

in representing Pi . Further comments on Matthiessen's rule 
and onpo,puPe' and A are given in Ref. 8. 

2.2. Presentation of Data and Information 

In each of the subsections discussing the electricA1 resis
tivity of each of the elements covered, the electrical resistiv
ity data and information for each element are presented in 
the following order: 

(1) A discussion text, 
(2) A table of recommended values, 
(3) A figure presenting recommended values and select

ed experimental data as a function of temperature in a log
log scale, and 

(4) A figure presenting recommended values and select
ed experimental data as a function of temperature in a linear 
scale. 

In the discussion text on the electrical resistivity of each 
element, individual pieces of the data and information on 
which the recommendations are based are indicated, the 
considerations involved in arriving at the final assessment 
and recommendation are discussed, and the uncertainties of 
the recommended values are ~tated. 

The recommended values are for well-annealed, high
purity, and unoxidized specimens of the respective element; 
however, the values for low temperatures are applicable only 
to the particular specimen having residual electrical resistiv
ity as given at· 1 K in the table. 

The recommended values, uncorrected and corrected 
fOf the thermal expansion of the element, are both given in 
the table. The uncorrected and corrected values are related 
by the following equation: 

[ 
AL (T)] 

Pcorrected(T) == 1 + ~ Puncorrected(T), (2) 

where AL = L - Lo and Land Lo are the lengths of the 
spccimcn at any temperature T and at a reference tempera
ture To, respectively. 

The recommended values in some cases are given with 
more significant figures than warranted, which is merely for 
tabular smoothness or for the convenience of internal com
parison. Hence, the number of significant figures given in the 
tables has no bearing on the degree of accuracy of uncertain-
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ty in the values; the uncertainty in the values is always expli
citly stated. 

In the figures, a data set consisting of a single data point 
is denoted by a number enclosed by a square, and a curve 
that connects a set of two or more data points is denoted by a 
ringed number. These data set numbers correspond to those 
listed in the supplementary tables providing measurement 
information and tabulating numerical data for each of the 
data sets. When several sets of data are too close together to 
be distinguishable, some of the data sets, though listed and 
tabulated in the supplementary tables, are omitted from the 
figure for the sake of clarity. The data set numbers of those' 
data sets omitted from the figure are asterisked in both tables 
providing the measurement information and tabulating the 
experimental data. 

The supplementary tables are deposited in AlP's Phys
ics Auxiliary Publication Service. In the supplementary ta~ 
bles providing measurement information, the experimental 
methods used for the measurement of the electrical resistiv~ 
ity are indicated in the column headed "Method Used" by 
the following code letters: 

A Direct-current potentiometer method 
B Direct-current bridge method 
C Altemating~current potentiometer method 
n ftC hridge method 
G Galvanometer-amplifier method 
K Direct heating method 
M Mutual-inductance method 
p Vau u~r Paw luethod 
R Rotating magnetic field method 
V Voltmeter and ammeter direct-reading method 
~ This symbol means either that the method de

scribed by the author is not sufficient tor assign
ing a specific code letter or that the use of a code 
letter would not convey enough of the informa
tion reported in the re!':earch document, and 
therefore the method used is described briefly in 
the last column of the table. 

In the supplementary tables tabulating the experimental 
data, aU the original data reported in different units have 
been converted to have the same, SI units: 10-8 [J m. The 
recommended values generated are also given in the Slllnit~. 

2.3. References 

IT. C. Chi, J. Phys. Chern. Ref. Data 8, 339 (1979). 
2T. C. Chi, J. Phys. Chern. Ref. Data 8,439 (1979). 
3R. A. Matula, J. Phys. Chern. Ref. Data 8, 1147 (1979). 
4C. Y. Ho, R. W. Powell, and P. E. Liley, J. Phys. Chern. Ref. Data 3, Suppl. 
1 (1974). 

5A. Mattbiessen and C. Vogt, Ann. Phys. {Leipzig} 122, 19 (18M). 
6F. Bloch, Z. Phys. 52, 555 {1928}. 
7F. Bloch. Z. Phys. 59, 208 (1930). 
8C. Y. Ho, M. W. Ackerman, K. Y. Wu, T. N. Havill, R. H. Bogaard, R. A. 
Matula, S. G. Oh. and H. M. James, J. Phys. Chern. Ref. Data 12, 183 
(1983). 

3.. Electrical Resistivity of Hafnium and 
Tantalum 

3.1. Hafnium 

There are only 19 sets of experimental data available for 
the electrical resistivity of hafnium. These are listed in Table 
S-1 and tabulated in Table S-2. The data reported so far in 
the literature are far from ideal for the generation of recom
mended values of p, mainly because of the unavailability of 
pure hafnium samples. The residual resistivity of the purest 
sample reported in this investigation for which reliable data 
are available is 1 X 10-8 n m; the claimed purity is about 
99.9%. It a\1\1ears that material containing as much as 2% 
zirconium has in the past been identified as pure hafnium. 
The temperature range covered by these data sets is from 1.7 
to 2500 K. The data are shown partially in Figs. 1 and 2. 

The recommended values of the electrical resistivity are 
for a sample with residual resistivity of 1.0 X 10-8 {J m, ap
proximately the lowest value that has been reported. The 
recommended values below 40 K are based primarily on the 
data ofVolkenshtein et al. 9 (data set 1). The resistance ratios 
reported by 'Volkenshtein er aZ. were converted to DUlUen!;al 
values of p(T) using the CINDAS recommended value of 
30.39 X 10-8 [J m for p(T) at 273 K. 

The recommended values from 40 to 300 K are based on 
the data ofVolkenshtein et al.9 (data set 7), Volkenshtein and 
Galoshina13 (data set 13), and of White and WOodS14 (data 
set 14), which agree fairly well. It will be noted that the be
havior of the electrical resistivity of hafnium in the tempera
ture range 100-300 K, as indicated by the data of these stud
ies, is not as simple as might be expected. A log-log plot of 
the electrical resistivity versus temperature in this tempera
ture range deviates from the more commonly observed lin
ear behavior by the presence of a significant downward cur
vature. This behavior is believed to be real, and is included in 
th~ enrrent data analysis. 

The recommended values above 1000 K are based on 
the dataofRumyantsev et al. 1 (data set 1}, Cezairliyan2 (data 
set 2}, Savin et aU (data set 3), Martynyuk and Tsa\1kov4 

(data set 4), Filippov el ul."i,F. (data set 5), and of Zhorovll 

(data set 11). Little weight has been given to data that diverge 
strongly from those in these data sets. 

The recommended values describing the a-{3 transition 
at 2015 K treat this transition as of the first order without 
premonitory changes in the temperature coefficient of the 
electrical resistivity. Deviations from these values are to be 
expected if thermal equilibrium is not fully attained. 

There is no consensus of reliable data between 300 and 
1000 K. Therefore, the recommended values in this tempera
ture range represent a reasonable interpolation between the 
higher and lower temperature ranges. 

There is only one data point available for the electrical 
resistivity of hafnium at the melting point. Martynyuk and 
Tsapkov4 (data set 4) reported a value of 156.0X 10-8 {l m 
for the electrical resistivity at the beginning and at the end of 
melting. 

The data available in the literature for the temperature 
dependence of bulk samples have been reviewed in this re-

J. Phys. Chem. Ref. Data, Vol. 13, No.4, 1984 
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1074 DESAIETAL 

TABLE 1. RECOMMENDED VALUES FOR THE ELECTRICAL RESISTIVITY OF HAFNIUMa 

[Temperature. T. Kf Electrical Resistivity. P. 10-8 11 mJ 

T p 
T 

uncQrtected corrected uncorrected correcteg 

1 1.000 1.000 700 93.29 93.53 
4 1.000 1.000 750 100.3 100.6 
7 1.000 1.000 800 106.9 107.3 

10 1.002 1.002 850 113.0 113.4 
15 1.017 1.017 900 118.5 119.0 

20 1.110 1.110 950 123.5 124.U 
25 1.306 1.306 1000 128.3 128.9 
30 1.638 1.638 1100 137.2 138.0 
35 2.064 2.064 1200 145.5 146.4 
40 2.52g 2.523 1300 152.5 153.6 

45 2.992 2.992 1400 158.1 159.3 
50 3.482 3.482 1500 162.1 163.5 
60 4.526 4.526 1600 164.7 166.3 
70 5.620 5.620 1700 166.2 167.9 
80 6.751 6.751 1800 lb6.9 165.8 

90 7.923 7.923 1900 167.0 169.0 
100 9.118 9.118 2000 166.8 169.0 
150 15.01 15.01 201S(u) 166.8 169.0 
200 21.02 21.02 2015(~)---i55:4--------i57:s--
250 27.36 27.36 2100 155.4 157.8 

273 30.39 30.39 2200 155.4 157.6 
293 33.08 33.08 2300 155.4 157.9 
300 34.03 34.03 2400 155.4 158.1 
350 40.96 40.97 2500 155.4 158.3 
400 48.08 48.11 

450 55.42 55.47 
500 63.10 63.18 
SSO 70.88 70.99 
600 78.52 78.67 
650 86.00 86.19 

aThe values are for hafnium of purity 99.9% or higher. but those below 40 K are 
applicable specifically to hafnium having a residual resistivity of 1.000 % 

10-8 0 m. The estimated uncertainty in the values is within ±S% below 500 K 
and from 1000 to 2000 K. and ±1~ from 500 to 1000 K and above 2000 K. The 
columns headed uncorrected and corrected refer to values uncorrected and cor
rected for thermal linear expansion. respectively. Dotted line separating 
tabular values indicates solid phase transformation. 

port. However, additional information on the electrical re
sistivity is available in Refs. 21-43 and 47-55. Attention is 
directed to Refs. 44-46 fur data on films and Ref. 48 for data 
on the pressure dependence of resistivity. 

It can be seen from the data presented in Figs. 1 and 2 
that electrical resistivity values above 100 K from various 
data sets converge to a set of values within experimental 
uncertainty, irrespective of· specimen purity. The recom
mended values of the electrical resistivity given in Table 1 
and shown in Figs. 1 and 2 are for hafnium of purity 99.9% 
or better; below 40 K the values are specifically for samples 
withpo = 1.000 X 10-8 !1 m. The table gives values both un
corrected and corrected for thermal expansion, while Figs. 1 
and 2 show only the uncorrected values. Thermal expansion 
values needed to carry out thermal expansion corrections 
were taken from Ref. 20. 

The uncertainty in the recommended values is estimat
ed to be within ± 5% below 500 K and from 1000 to 2000 K, 
and ± 10% from 500 to 1000 K and above 2000 K. 

J. Phys. Chem. Ref. Data, Vol. 13, No.4, 1984 

3.2. Tantalum 

There are 74 sets of experimental data available for the 
electrical resistivity of undoped bulk tantalum as a function 
of temperature. These are listed in Table 8-3 and tabulated in 
Table S-4. The residual resistivities of samples for which 
low-temperature (below 293 K) data are available range from 
0.01 X 10-8 [J m of Zablocki56 (data set 1) to the data of 
White and Woods14 (data set 65) withPo~0.17X 10-8 [J m, 
and that of Berner et al.60 (data set 6) and Ermolaev et al. 61 

(data set 7) withpo = 0.197X 10-8 n ID. The high-tempera
ture data are for samples with purity 99.9% or better. The 
data sets are partially shown in Figs. 3 and 4. 

The recommended values of electrical resistivity below 
20 K are based on the very careful studies of 8tartsev et al.59 

(data set 5) and Erm01aev et al.61 (data set 7), who find that in 
this temperature range Matthiessen's rule is well obeyed and 
that the ideal resistivity can be well represented by a T 4 law. 
The recommended values of electrical resistivity are for a 
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sample with Po = 0.1000 X 10-8 n m. The constant multi
plier term was determined from the following data sources: 
Zablocki56 (data set 1) with Po = 0.01 X 10-8 n m, and Start
sev et al.59 (data set 5) withpo = 0.0182X 10- 8 n m. 

The analysis of the data reported for relatively pure 
samples in the temperature range 20< T < 30 K indicates that 
one cannot rely on Matthiessen's rule in or above this tem
perature range. Fortunately, the data ofVolkenshtein et al.9 

(data set 50) for a sample withpo = 0.072 X 10-8 !1 m and of 
White and WOOdS14 (data set 65) provide a satisfactory basis 
for extending the recommended values to higher tempera
tures. The data of these authors together with those of Start
sev et al.59 (data set 5), and of Williams et al.90 (data set 69) 
are used as the basis for the recommended values up to 300 
K. 

Above 300 K, the data of Williams et al.90 (data set 69) 
from 300 to 400 K and ofTayloretal.75

,76 (data set 54) above 
400 K follow with surprising consistency the mean of the 
values of other investigators. The data of Tye86 (data set 64) 
are slightly higher and those of Williams91 (data set 71) are 
slightly lower than the recommended values above 400 K. 
Unlike most of the raw data presented in Figs. 3 and 4, the 
data ofVetrogradskii7o (data set 44) have been corrected for 
thermal expansion of the sample, and for better comparison 
with the recommended values should be corrected down
ward. Above 2600 K, the data tend to split into two groups: 
the lower lying data of Cezairliyan et al.69 (data sets 21-43), 
Filippov et aI.6,71,n (data sets 45-49), and of Shaner et al.

58 

(data set 4) and the higher lying results of Lebedev and Moz
harov63 (data set 10). The recommended values for the elec
trical resistivity above 2600 K are based on a natural exten
sion of the data at lower temperatures, and lie between the 
values reported by the investigators mentioned above. 

The values given for the melting temperature of tanta
lum have varied quite significantly over the years. The very 
recent work gives relatively low values: Gathers94 (data set 
74) reports 3270 K and Lebedev and Mozharov63 (data set 
10) report 3258 K. Since Lebedev and Mozharov63 (data set 
10) made their observation on what should have been effec
tively a black body cavity, we have given preference to their 
melting temperature over that of Gathers,94 which was de
termined on the basis of an assumption concerning the emis
sivity of the material. 

Above the melting point, the two available sets of data 
on the electrical resistivity by Gathers94 and by Lebedev and 
Mozharov63 are in serious conflict. The data of Lebedev and 
Mozharov show the electrical resistivity falling slowly as 
temperature increases during the application of strong pulse 
heating. On the other hand, the data of Gathers94 show p 
rising rather more rapidly as T increases. This difference 
cannot be attributed to errors in the temperature measure
ments. In both cases, the sample under observation is hydro
dynamically unstable after it is melted, but significant defor
mation of the samples was neither expected nor observed 
during the 10-100 ps period of the measurements. The sam
ple of Gathers,94 of compact cylindrical form, seems particu
larly unlikely to be deformed. The arrangement of foils that 
made up the black body of Lebedev and Mozharov63 might 
·be more likely to be deformed by electromagnetic forces, but 

one might expect such a deformation to increase rather than 
to decrease p. In the absence of an understanding of the dif
fering trends of the two available data sets, a constant value 
of 130 ± 5 X 10-8 n m was chosen for the electrical resistiv
ity from 3258 to 4000 K. Recommendations above 4000 K 
cannot be made at this time. 

The recommended values of the electrical resistivity 
given in Table 2 and shown in Figs. 3 and 4 are for tantalum 
of99.9% purity or higher. However, the recommended val
ues below 273 K should be used with caution for specimens 
less than 99.99% pure. The values below 60 K are applicable 
specifically to samples with Po = 0.loo0X 10-8 !1 m. The 
shape of resistivity curves below 60 K for specimens with 
higher and lower residual resistivities are indicated by the 
data shown in Fig. 3. The table gives both values uncorrected 
and corrected for thermal expansion. while Flg~. :; and 4. 
show only the uncorrected values along with selected experi
mental data. Thermal expansion values needed to carry out 
expansion corrections were taken from Ref. 20. The uncer
tainty in the recommended values is estimated to be within 
± 2% below the melting point and ± 3 % in the liquid re

gion. 
There appears to be a considerable interest in sputtered 

tantalum films. The usefulness of these films in the fabrica
tion of resistors and capacitors is due partly to the formation 
of tetragonal j3-tantalum with an electrical resistivity an or
der of magnitUde higher than that of bulk tantalum, and a 
small temperature coefficient of resistance (TCR). This te
tragonal phase, which exists only in sputtered film, has an 
electrical resistivity of about 200 X 10-8 n mat 293 K, com
pared to the electrical resistivity of 13.15 X 10-8 n ill for the 
normal bcc phase of bulk tantalum. 

Higher electrical resistivity and lower TCR values were 
achieved by various researchers using a variety of processes. 
Tantalum films deposited on various substrates in various 
gaseous atmosphere yielded low TCR values from - 100 to 
100 ppm C- l and electrical resistivities of about 300 X 10-8 

!1 m. Westwood et aI.95 deposited tantalum films in a triode 
sputtering system operated in an argon-water vapor mix~ 
ture; Willmott96 used a nitrogen atmosphere; Hardy et al.97 

used an oxygen and nitrogen atmosphere simultaneously in a 
dc sputtering system. TCR values of their films ranged from 
- 50 to 900 ppm C- 1 with cUllt::spumJiug rt:sistivities 400 

to 30000 X 10-8 n m. On the other hand, Westwood and 
Livermore98 have reported the electrical properties· of films 
deposited on glass and polycry~tf.) 111ne alumina substrates by 
sputtering tantalum in a dc diode sputtering system under a 
variety of conditions. Additional information on the electri
cal resistivity of tantalum films is reported in Refs. 95-162, 

The data available in the literature for the temperature 
dependence of the electrical resistivity of bulk samples have 
been exhaustively reviewed in this report, and a brief men
tion is also made of the data on the films. Attention may also 
be directed to Refs. 163-167 for data on irradiated samples, 
Ref. 168 for annealing effects on the electrical resistivity, 
Refs. 169-176 for data on pressure dependence, Refs. 177-
182 for data on hydrogen-doped tantalum samples, Refs. 
183 and 184 for magnetic field effects, and Ref. 185 for the 
effect of elastic strain on the electrical resistivity. Further-
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TABLE 2. RECOMMENDED VALUES FOR TIlE ELECTRICAL RESISTIVITY OF TANTALUMa 

[Temperature, T, K; Electrical Resistivity, P, 10-8 n m] 

T P T P 

uncorrected corrected uncorrected corrected 

... 0.1001 0.1000 1000 44.03 H.24 
7 0.1005 0.1004 1100 47.88 48.15 

10 0.1023 0.1022 1200 51.60 51.93 
15 0.1114 0.1113 1300 55.22 55.61 
20 0.1465 0.1463 1400 58.77 59.23 

25 0.224 0.224 1500 62.21 62.75 
30 0.362 0.362 1600 65.63 66.25 
35 0.549 0.548 1700 69.07 69.78 
40 0.751 0.750 1800 72.42 73.22 
45 0.963 0.961 1900 75.69 76.60 

50 1.185 1.184 2000 78.92 79.94 
60 1.647 1.645 2100 82.18 83.32 
70 2.129 2.127 2200 85.41 86.68 
80 2.623 2.620 2300 88.57 89.1)1) 

90 3.128 3.123 2400 91.65 93.22 

100 3.642 3.638 2500 94.76 96.52 
150 6.191 6.188 2600 97.83 99.77 
200 8.660 8.655 2700 100.9 103.1 
250 11.09 11.09 2800 103.9 106.3 
273 12.20 12.20 2900 106.9 109.7 

293 13.15 13.15 3000 109.8 112.7 
300 13.48 13.48 3100 112.6 115.9 
350 15.82 15.82 3200 115.5 119.1 
400 18.21 18.22 3258(s} 119 122.2 
450 20.58 20.61 3258(Q,) 130 

500 22.92- 22.95 3300 130 
"0 2'.18 2'.22 3400 .L30 
600 27.40 27.45 3600 130 
650 29.61 29.68 3800 130 
700 31.79 31.88 4000 130 

750 33.89 33.99 
800 35.92- 36.04 
850 38.00 38.14 
900 40.09 40.26 
950 42.09 42.28 

aTbe values are for well-annealed tantalum of purity 99.~ or higher; those 
below 273 K should be used with caution for tantalum less than 99.99% pure: 
those below 60 K are applicable specifically to tantalum with Po = 0.1000 x 
10-8 n m. The estimated .uncertaintv in the values is within +2., below the 
melting point and ±3% in the liquid region. The columns head;d uncorrected 
and corrected refer to values uncorrected and corrected for thermal expansion, 
respectively. 

more, Refs. 186-237 contain information on the electrical 
resistivity without numerical data. 
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4. Electrical Resistivity of Molybdenum 
and Zinc 

4.1. Molybdenum 

There are 175 data sets available for the electrical resis
. tivity of molybdenum. These are listed in Table S-5 and tabu-

lated in Table S-6. Not surprisingly, because of its high~tem
perature application, most of the electrical resistivity 
measurements were carried out at high temperatures. The 
experimental data are shown in Figs. 5 and 6. 

Because of its high melting temperature, zone-refined 
molybdenum of high purity is readily available, and speci
mens with residual resistivity ratios of a few thousand have 
been investigated. See, for example, Glebovskii et aI., 11 Piro
gova et al.,33 Whitmire and Brotzen,50 and Capp et al. 53 

However, the a.bove-mentioned references give only residual 
resistivity values. Overall, there are only a few low-tempera
ture data sets giving resistivity values at close temperature 
intervals. These are, notably, from Cox et al.7 (data sets 7-
10), Volkenshtein et al.62 (data set 154), Volkenshtein et al.63 

(data sets 155,156), and from Makarov and Sverbilova67 

(data sets 171-174). Other low -temperature data ~et~ include 
those of McLennan et al.6 (data set 6), Meissner and V oigt2s 

(data sets 50-52), Potter41 (data set 72), Brog et al.48 (data set 
82), Rosenberg58 (data set 147), Clinard and Kempter60 (data 
sets 149,150), White and WoodsbJ (data sets 151-153), and of 
Powell et al. 64 (data set 157), all for specimens of higher re
sidual resistivity and apparently of lower purity. The speci
mens from data sets 7, 154, 156, and 170 are apparently of 
similar purity and are single crystals, although specimen ori
entations are not aligned with any particular crystal direc
tion. Except in the residual resistance region, the agreement 
of these data sets is reasonable ( ± 10% of each other). Both 
Volkenshtein et al.62 and Makarov and Sverbilova67 report
ed that the temperature-dependent part of the resistivity 
contained both T 2 and T 5 components. V olkenshtein et 
al. 63 (data set 156) also reported values for the coefficients of 
these two components which, however, are not consistent 
with their graphical data. The present recommendations for 
the electrical resitivity of molybdenum at the lowest tem
peratures are, therefore, based on the data of Makarov and 
Sverbilova67 (data set 171), whose sample has the highest 
reported residual resistance ratio. The coefficients used for 
the recommended values are slightly different from those 
reported by the authors in order to take into account both 
the experimental uncertainties and the results of V olken
shtein et aZ. and of Cox et al. 

The T 2 and T 5 dependence of the electrical resistivity 
of molybdenum up tu .-" 55 K has been reported by Vol
kenshtein et al.63 and Makarov and Sverbilova.67 The latter 
authors reported data up to 77 K, including data for three 
specimen~ of lower purity (data sets 171,173,174)_ Volken
shtein etal.63 (data sets 155,156) reported data up to .-" 300 K 
for two specimens of different purity. The recommended val
ues of the electrical resistivity from 30 to 300 K are based on 
these data sets. In addition, the data of Savitskii and Kurit
nykI9 (data sets 36,37), Holmwood and Glang37 (data set 68), 
and of van Tome46 (data set 80), all for zone-refined speci
mens, are also taken into account. For the upper part of this 
temperature range, the recommended values are adjusted so 
as to be consistent with the extrapolatipn of the values from 
higher temperatures. 

For the temperature range 300-1000 K, the available 
data show large relative scatter. For example, the data of 
Khusainova and Fillipov44 (data set 78) at .-" 1000 K are 

J. Phys. Chern. Ref. Data, Vol. 13, No.4, 1984 
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TABLE 3. RECOMMENDED VALUES FOR TIlE ELECTRICAL RESISTIVITY OF MOLYBDENUM a 

[Temperature. T. I; Electrical Resistivity. P. 10-8 0 mJ 

T T P 

uncorrected corrected uncQIrected ~Qtrected 

1 0.00070 0.00070 600 13.15 13 .11 
4 0.00072 0.00072 700 15.78 15.81 
7 0.00078 0.00078 800 18.45 18.50 

10 0.00089 0.00088 900 21.16 21.23 
15 0.00135 0.00133 1000 23.91 24.00 

20 0.00261 0.00258 1100 26.69 26.81 
25 0.00565 0.00560 1200 29.51 29.66 
30 0.0120 0.0120 1300 32.35 32.54 
35 0.0249 0.0248 1400 35.23 35.46 
40 0.0457 0.0456 1500 38.14 38.42 

50 O.ll! 0.110'1 1600 41.08 41.41 
60 0.206 0.206 1700 44.04 44.43 
70 0.330 0.330 1800 47.02 47.48 
80 0.482 0.481 1900 50.03 50.56 
90 0.659 0.658 2000 53.06 53.67 

100 0.858 0.858 2200 59.18 59.98 
150 1.990 1.989 2400 65.37 66.40 
200 3.i32 3.131 2600 71.61 72.93 
2:50 4.283 4.282 2800 77.90 79.57 
273 4.85 4.85 2894(s) 80.86 82.73 

293 5.34 5.34 2894(9,) 97.0 
300 5.52 5.52 
350 6.76 6.76 
400 8.02 8.02 
500 10.56 10.57 

aThe value~ are for molybdenum of purity 99.9~ or higher. but thoso bolow 
100 I are applicable specifically to zone-refined molybdenum having a residual 
resistivity of 0.0007 x 10-8 n m. The estimated uncertainty in the values is 
±5~ below 100 I, ±3~ from 100 to 250 K. ±3~ between 250 and 1100 K. and ±1~ 
above 2894 K. The columns headed uncorrected and corrected refer to values 
uDcurrec~ed aDd currec~ed for ~hermal expanslon. respec~ively. The sol14 line 
separating tabular values indicates the solid-to-liquid state transformation. 

about 3X 10-8 11 m below those of Tye40 (data set 71). The 
data ofPotter41 (data set 72) show about the same discrepan
cy. The data ofSchneider32 (data set 56), on the other hand, 
are about 2X 10- 8 11 m higher than those reported in data 
set 71. However, there are a few data sets which show good 
agreement: those of Taylor and Finch36 (data set 67), Holm
wood and GIang37 (data set 68), and Tye40 (data set 71). 
These data sets agree to within ± 0.5 X 10-8 11m in the 
temperature ranges where they overlap. In addition, the data 
of Zwilskii et al.43 (data set 74) and of Feith45 (data set 79) 
show approximately the same level of agreement, even 
though they seem to be slightly low at around 600 K. The 
recommended values in this temperature range are based un 
data sets 67,68, 71, 74, and 79. More emphasis was given to 
data sets 71 and 67 since these extend to much higher tem
peratures. 

In the temperature range 1000-2000 K, the following 
data sets show agreement to about ± 1 X 10-8 11 m: Verto
gradskii and ChekhovskoP6 (data set 30), Timrot et al.21 

(data sets 39,40), Worthing35 (data sets 65,66), Taylor and 
Finch36 (data set 67), Tye40 (data set 71), Baldwin et a/.42 

(data set 73), Feith45 (data set 79), and Taylor et a/.65 (data 
sets 158,159). All these data sets indicate a positive deviation 
from a linear temperature dependence in this temperature 
range. The agreement among the available data is not as 
good above 2<X>O K. The data of Taylor and Finch36 (data set 

J. Phys. Chem. Ref. Data, Yol. 13, No.4, 1984 

67) seem to indicate a change of slope at 1800 K, indicating 
negative deviation from a linear temperature dependence. 
This negative dey iation avpear~ to be substantiated by data 
sets 39 and 79 and is also consistent with the data of Cezair
liyan3 (data set 3). On the other hand, the data ofVertograds
kii ~nrl Chp.khov~koj16 (rlM~ sP.t 10), Worthlng35 (c1~t~ sets 
65,66), and of Baldwin et al.42 (data set 73) show a positive 
deviation. These deviations, however, are rather small so 
that, with the exception of data sets 73 and 30, the resistivity 
values are within a band of width 3 X 10-8 f1 mat .- 2600 K. 
The present recommendation of the electrical resistivity val
ues follows a slightly positive deviation from the linear tem
perature dependence. The recommended value at the melt
ing point is about 1 % lower than that given by W orthing35 

(data set 65) and about 1.2% higher than that given by Ce
zairliyan et al.2 (data set 2). It is also within ± 1.5% of the 
values given by Martynyuk and Tsapkov1 (data set 1) and by 
Shaner et a/. lS (data set 29), and within ± 2% of that given 
by Lebedev eta/, 14 (dataset 28). The dataofCezairliyan eta/. 
show also a slight upturn (data set 2) from the linear tempera
ture dependence in the premelting region. 

There are only two data sets for the electrical resistivity 
of molten molybdenum: by Martynyuk and Tsapov1 (data 
set 1) and by Shaner et al.1s (data set 29), These values agree 
to within 2 X 10-8 11 m. The recommended values are taken 
from the average of these two data sets. 
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Molybdenum is a transition element 'with a bcc struc
ture. It becomes superconducting at temperatures below 
--0.9 K (see, for example, Refs. 68 and 69). It is also reported, 
that there is no anisotropy in its electrical resistivity. 19 Thus, 
even though the recommended values for low temperatures 
are derived from data for single-crystalline specimens, these 
values should also be applicable to polycrystals. For the sake 
of numerical manipulation, the following polynomial equa
tions are given for the calculation of the electrical resistivity 
of molybdenum. It should be noted that this does not imply a 
recommendation for the temperature derivative of the elec
trical resistivity. 

1 K<T<30K, 

p = 0.0007 + 1.48 X 10-6T 2 

+ 4.12X 10- IOT 5
• 

30 K<T<lOO K, 

P = 0.1077 - 8.1932X 10-3T 

+ 1.6778 X 10-4 T 2 - 1.0794 X 10-9T 4
• 

100 K<;T<;250 K, 

P = 0.1187 - 1.6159x 10-2T 

+ 3.5461 X 10-4T 2 
- 1.3884X 10-6T 3 

+ 1.9803 X 10-9T 4
• 

250 K<;T<;2894 K, 

p = - 1.7021 + 2.3319X 10- 2 T 

+ 2.5507X 10-6T 2 
- 2.5930X 10- lOT 3

• 

The recommended values should be applicable to mo
lybdenum of purity 99.99% or higher except for tempera
tures below 100 K, where they apply specifically to zone
refined materials of residual resistivity 0.0007 X 10-8 n m. 
The uncertainty is estimated to be ± 5% below 100 K and 
± 3% from 100 to 2894 K. Table 3 gives values both uncor
rected and corrected for thermal expansion, while Figs. 5 
and 6 show only uncorrected values along with selected ex
perimental data. Thermal expansion values needed to carry 
out thermal expansion correction were taken from Ref. 70. 
Because of the existence of resistance minima (Kondo effect) 
in nominally pure m.olybdenum [see, for example, Ref. 63 
(data set 155)] and in dilute molybdenum alloys (see, for ex
ample, Ref. 71), the resistivity of molybdenum oflower puri
ty is difficult to estimate, especially in' view of the fact that 
the residual resistivity of the specimens for which a resis
tance minimum has been observed varies from 0.02 X 10-8 

.a m (Ref. 71) to 0.65X 10-8 .a m (Ref. 24, data set 50). 

4.2. Zinc 

There are 70 data sets available for the electrical resis
tivity of zinc. These are listed in Table 8-7 and tabulated in 
Table S-8. Most of them are for temperatures above .- 100 
K, and 10 data sets are for the molten state. The temperature 
ranges of the data reported vary from near 0 to --1650 K. 
Among these, about 20 data sets are for single crystals. The 
experimental data are shown in Figs. 7 and 8. 

Zinc has a hexagonal crystal structure and is supercon-

ducting below .-0.85 K. The electrical resistivity of zinc at 
low temperatures « 100 K) has been studied quite sparing
ly. Aleksandrov and D'yakov14

,75 (data sets 5,6) reported 
electrical resistivity values up to ,...., 110 K for current in both 
the parallel (to the c axis) and the perpendicular directions. 
Their specimens also had the highest purity (impurities 
0.000 05% total) and the highest residual resistivity ratio 
(RRR), p{273 K)/p(4.2 K),....,60 000. Alderson and Hurd109 

(data sets 57,59) reported values for temperatures below 280 
K for two single-crystal specimens which had nearly parallel 
and perpendicular orientations. Their specimens were not 
quite as pure as those of Aleksandrov and D'yakov, as indi
cated by RRR values which were lower by more than one 
order of magnitUde. Gibbons and Falicov112 (data sets 65,66) 
reported data for temperatures below 25 K on two single
crystal specimens in the parallel as well as in the perpendicu
lar directions. The RRR values for their specimens were 
about one-third those of Aleksandrov and D'yakov. Collings 
et al.80 (data set 11), Salvadori et al. 102 (data set 42), and 
Tuyn107 (data sets 53,54) reported data below 90 K for poly
crystalline specimens. In addition, Pawlek and Rogalla84 

(data sets 15-18), Goens and Gruneisen95 (data sets 31-34), 
and Schimank108 (data set 55) have reported data at wide 
temperature intervals. Specimens for these data sets appear 
to be of lower purity, jUdging from their higher residual re
sistivity values of ---0.001 X 10-8 n m. There are large dis
crepancies in the temperature dependences of the reported 
electrical resistivity values below 20 K. The ideal resistivity, 
or the temperature-dependent part of the electrical resistiv
ity, was reported by Aleksandrov and D'yakov to have a 
T 5

.
1 dependence for "parallel" resistivity. The correspond

ing exponent was reported to be 4.6 by Alderson and Hurd, 
and was -- 5.4 from the data of Gibbons and Falicov. On the 
other hand, for the "perpendicular" specimen, the reported 
exponents were 4.8, 4.1, and 4.4; respectively. In addition, 
the resistivity anisotropy, i.e., the ratio of the ideal resistivi
ties in directions parallel and perpendicular to the c axis 

( Pi,lI / Pi,l)' decreased monotonically to one at 0 K as indicat
ed by the data of Aleksandrov and D'yakov above 14 K, 
whereas Alderson and Hurd ohserved a limiting value of 
--0.4 at 0 K. The anisotropy observed by these latter authors 
can be explained by the result of Salvadori et al. 102 on the 
change in Pi with the residual resistivity. Salvadori et al. 
found that the ideal resistivity of zinc and of very dilute zinc 
alloys increased with the residual resistivity for a certain 
critical value of residual resistivity. Since the parallel speci
men of Alderson and Hurd had a lower residual resistivity 
value than their perpendicular specimen, a resistivity anisot
ropy value of less than one appears to be reasonable. On the 
other hand, hoth the parallel and the perpendicular speci
mens of Gibbons and Falicov112 (data sets 65,66) had low 
residual resistivity values, below the critical value suggested 
by Salvadori et al. Therefore their resistivity anisotropy, ac
cording to this argument, should be equal to one. However, 
calculation of the resistivity anisotropy from the data of Gib
bons and Falicov seems to support the result of Alderson and 
Hurd. tf)e) It is \,;uu\,;lm,lt:d that tht: available data 011 the elec
trical resistivity of zinc single crystals are not sufficient for a 
complete analysis, and the recommended values are generat-

J. Phys. Chem. Ref. Data, Vol. 13, No.4, 1984 
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ed for polycrystalline material only. 
Among the data for polycrystalline specimens, those of 

Salvadori et al. 102 (data set 42) gave values at close tempera
ture intervals below,...., 40 K. These authors also reported the 
temperature-dependent part of the resistivity in a graph. 
Their results showed that the temperature-dependent part of 
the resistivity has T 5 dependence below --15 K. Unfortu
nately, the data set of Collings et al. 80 (data set 11) was pre
sented in a graph that did not yield enough resolution to 
determine the temperature dependence accurately. The T 5 

temperature dependence was consistent with the result of 
Aleksandrov and D'yakov who found, to within their experi
mental uncertainty, the ~ame dependence for their single
crystalline specimens. The data of Gibbons and Falicov l12 

with T 5.5 and T4.4 dependences, respectively, for the paral
lel (to the c axis) and perpendicular directions, also appeared 
to support this conclusion. For the present recommenda
tion, the residual resistivity of 0.000 060 X 10-8 f} mis based 
on the data of Aleksandrov and D'yakov, who apparently 
had the purest specimen so far reported in the literature. The 
temperature-dependent part is taken to have a T 5 depen
dence, as discussed above. The coefficient of 1.2X 10-8 

fJ m K -5 is based on a mean of the results ofSalvadori et al., 
Aleksandrov and D'yakov, and of Gibbons and Falicov. 

Above -- 15 K, the resistivity of zinc shows a gradual 
decrease from the T 5 dependence. The recommended values 
from 15 to 80 K follow the trend of the data of Salvadori et 
al. 102 (data set 42) and of Aleksandrov and D'yakov75 (data 
sets 5,6). Since the latter data sets are for single crystals, the 
resistivity of the polycrystal Ppoly is estimated from 

1 
Ppoly = ""3 (PII + 2Pl)' 

wherePIl andpl are the resistivities in the directions parallel 
and perpendicular to the c axis, respectively. The data of 
Tuyn107 (data sets 53,54) are also taken into account. 

Even though there are a number of data sets available in 
the temperature range 80-300 K, only those of Lees92 (data 
set 27) and of Alderson and Hurd109 (data sets 57-59) give 
values at reasonably close temperature intervals of30 K. The 
values from data set 27 are judged to be too high by 
--0.4 X 10-8 n m in that temperature range, and are ig
nored. The other two data sets reported values which are 
slightly high at the lower end of this temperature range, but 
are in reasonable agreement with the data of Aleksandrov 74 

(data sets 3,4) for the high~purity specimens. Among the oth
er data sets, those of Holborn27 (data set 50), Pawlek and 
Rogalla84 (data sets 17,18), Wilkes97 (data set 36), and of 
Schimank108 (data set 55) also shQw reasonable agreement 
(± .....,5%). The recommended values in this temperature 
range are based on these data sets. The room-temperature 
values of Hedgcock and Muir77 (data set 8) and of Bridg
man lOS (data sets 46-49) are also taken into consideration. 

The availability and the general agreement of reliable 
data for the electrical resistivity of zinc from room tempera
ture up to the melting point is fairly good. The data of Hol
born27 (data set 50), Busch and Tieche72 (data set 1), Roll and 
Motz88 (data set 22), Roll et al.90 (data set 25), Grube and 
Burkhardt91 (data set 26), Jaeger and Diesselhorst94 (data set 
30), and ofStaebler96 (data set 35), fall within a band of width 
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± --0.5 X 10-8 fJ m in the temperature range where they 
overlap. Surprisingly, the data of Mikryukov and Rabot
nov93 (data set 28) for a single-crystal specimen (orientation 
not given) agree with the above data sets, whereas their data 
for a polycrystalline specimen (data set 29) are higher (by 
more than 1 X 10-8 fJ m at -- 500 K). The recommended 
values from room temperature to the melting point are based 
on the above data sets with the exception of data set 29. 

There are large discrepancies among the various data 
sets for zinc in the molten state. At temperatures slightly 
above the melting point, the scatter of the available data is 
about ± 0.8 X 10-8 fJ m and, at 900 K, the scatter increases 
to about ± 2X 10-8 fJ m. Nonetheless, the general shape of 
the resistivity-versus-temperature curve for zinc in the mol
ten state from the different data sources is similar. For exam
ple, the data of Busch and Guntherodt 73 (data set 2), Roll and 
Motz88 (data set 22), and of Scala and Robertson89 (data sets 
23,24) indicate that the resistivity has a minimum value at 
--950 K. The recommended values below 1100 K are based 
on the data of Roll and Motz88 (data set 22), Busch and 
Guntherode3 (data set 2), and of Scala and Robertson89 (data 
set 24). The data of Busch andGuntherode3 and of Roll and 
Motz88 below the melting point are considered more reliable. 
The only data set for temperatures above -- 1100 K, that of 
Rege183 (data set 14), is considered to be too high for both the 
solid and the liquid states. However, the temperature vari
ation of this data set is consistent with that of data sets 2,22, 
and 24, and it is also taken into account in the recommenda
tion process. The recommended values for temperatures 
above 1100 K arc obtained by numerical extrapolation, fol
lowing loosely the temperature variation displayed in data 
set 14. The recommended value at 1600 K is about 12% 
lower than that reported in data set 14. 

For the sake of numerical manipulation, the following 
polynomial equations are given for the electrical resistivity 
of zinc. It is to be noted that these equations do not necessar
ily imply a recommendation for the temperature derivative 
of the electrical resistivity. 

T<15 K, 

P = 0.000 06 + 1.2 X 10-8T 5
• 

15 K<T<90 K, 

p ~ 0.077 17 - 1.33038 X 10-2 T 

+ 6.691 87X 10-4 T 2 
- 5.932 55X 10-6T 3 

+ 2.001 68 X 10-8T 4
• 

90<T<240 K, 

p = 0.540 84 + 1.92506 X 10-2T 

+ 1.233 99X 10-5 T? - 2.319 77X 10-9 T 3 

- 1.988 74X 10-llT 4
• 

240<T<692.75 K, 

P = - 0.72992 + 2.159 13X 10-2 T 

+ 3.827 86X 10-6T 2 + 1.415 47X 10-9T 3
• 

692.73<T<1600 K (molten state), 

p = 40.81824 + 8.514 02X 10-3 T 

- 3.360 74X 10-5 T 2 + 2.067 37X 10-.8T 3
• 
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TABLE 4. RECOMMENDED VALUES FOR THE ELECTRICAL RESISTIVITY OF ZINCa 

[Temperature. T. K; Electrical Resistivity. p. 10-8 n m] 

T 
p T P 

uncorrected corrected uncorrected corrected 

1 0.000060 0.000060 550 12.54 12.64 
4 0.0000723 0.0000723 600 13.91 14.05 
7 0.000262 0.000260 650 15.31 15.49 

10 0.00126 0.00125 692.73(s) 16.53 16.75 
15 0.00917 0.00911 692.730,) 37.46 

20 0.0345 0.0343 700 37.40 
25 0.0779 0.0774 750 37.02 
30 0.136 0.135 800 36.71 
40 0.287 0.285 850 36.47 
50 0.468 0.465 900 36.33 

60 0.666 0.662 950 36.30 
70 0.871 0.865 1000 36.40 
80 1.078 1.072 1050 36.64 
90 1.289 1.281 1100 37.04 

100 1.503 1.495 1200 38.36 

150 2.607 2.596 1300 40.51 
200 3.753 3.742 1400 43.60 
250 4.929 4.923 1500 47.75 
273 5.479 5.479 1600 53.09 
293 5.964 5.964 

300 6.13 6.13 
350 7.36 7.37 
400 8.61 8.64 
450 9.89 9.94 
500 11.20 11.27 

aThe values are for zinc of purity 99.9~ or higher. but those below 100 K are 
applicable specifically to zinc having a residual resistivity of 0.000060 x 
10-8 D m. The estimated uncertainty in the values is ±1~ below 100 K. ±5~ 
from 100 to 250 K. ±3~ between 250 and 1100 K. and ±10% above 1100 K. The 
columns headed uncorrected and corrected refer to values uncorrected and cor
r~~Lcd for thermal cxpan5ion. rC5pcctively. Thc 50lid line 5eparating tabular 
values indicates the solid-to-liquid state transformation. 

The recommended values of the electrical resistivity 
given in Table 4 and shown in Figs. 7 and 8 are for zinc of 
99.99% purity or higher. The table gives both uncorrected 
and corrected values for thermal expansion, while the fig
ures show only the uncorrected recommended values and 
(mostly) uncorrected experimental data. The values for the 
thermal expansion were taken from Ref. 70. As is common 
in the behavior of the elements at low temperatures, there are 
large differences in the electrical resistivity of specimens 
with different purity. Therefore, the values tabulated for
temperatures below lOOK should be considered applicable 
specifically to a specimen of residual resistivity 
0.000 060 X 10-8 1} m only. 

The uncertainty of the recommended values is estimat
ed to be within ± 10% below 100 K, ± 5% from 100-250 
K, ± 3% from 250-1100 K, and ± 10% at temperatures 
above 1100 K. The high uncertainties at the lowest and the 
highest temperatures are obviously due to the lack of mutu
ally supportive data. A more definitive recommendation will 
have to await further experimental investigation. 

From the available data, it is apparent that zinc of very 
high purity has been available for some time. The electrical 
resistivity of such pure material at low temperature is sam
ple-size dependent. This problem has been investigated, for 
example, by Alderson and Hurd, 109 by Desalvo et aI., 113 and 

, by Skove and Stillwell. 114 
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5. Electrical Resistivity of Tungsten 

5.1. Tungsten 

There are 201 data sets available for the electrical resis
tivity of tungsten. These are listed in Table S-9 and tabulated 
in Table S-10. Because of its high-temperature applications, 
a large number of the available data are for high tempera
tures. The experimental data are shown in Figs. 9·and 10. 

The electrical resistivity of tungsten has been studied 
extensively, probably due to the availability of high-purity 
specimens obtained by zone-refining techniques. The speci
men with the highest residual resistance ratio (RRR), of the 
order of3 X 105

, is reported by Berthef8 (data set 199). Most 
authors in recent publications on low-temperature measure
ments reported both T 2 and T 5 components in the resistiv
ity of tungsten. Some of them are Volkenshtein et al. 16 (data 
sets 18-21) from 2.5-33 K; Wagner et al.51 (data sets 105-
112), and Garland and van Harlingen52 (data sets 113,114) 
from l.4-6K; Volkenshtein et al.74 (data set 168) from 0.4-
33 K; and Batdalovetal.77 (data sets 182-187) from ---1.8-38 
K. In addition, Berthef8 reported a T 2 dependence for tem
peratures below 4 K and a T5 dependence from 19 to 27 K. 
Berthef8 also reported that the coefficient of the T 2 term is 
dependent on the residual resistivity of the specimen, and 
gives a systematic and graphical account of this dependence. 
Using values of the coefficient calculated from the data of 
Baer and Wagner43 (data sets 78,81), van den Berg47 (data 
sets 91,92), and Wagner et al.51 (data sets 105,109-112), the 
results of Batdalov et al. are substantially verified. The data 
of Shukovsky et al.72 (data set 152) and of Volkenshtein et 
al.74 (data set 168) yield coefficients which were higher by a 
factor of --- 2. Batdalov et al. arrived at an asymptotic value 
(Po~) of 7 X 10- 13 n m K -2 for the coefficient of the T 2 

term. This is close to the value of 8 X 10-13 n m K - 2 given 
by Berthel.78 At higher temperature, there is some disagree
ment between the data of Berthel and of Batdalov et al. 
Berthel reported that a sum of T 2 and T 5 terms did not fit 

. his data as well as a constant and a T 5 term. Batdalov et al. 

presented their results (data sets 182-187) in apilT2 versus 
T 3 plot, where Pi is the temperature-dependent part of the 
resistivity. Their data for temperatures from 10-38 K fol
lowed a linear behavior with a positive intercept. A similar 
plot for the tabular data of Berthel (data sets 194,201) gave a 
linear behavior in the temperature range 24-27 K, but with a 
slightly negative intercept. Inclusion of Berthel's data for 
temperatures 14-20 K (data sets 195-200) showed a good 
agreement with those of Batdalov et al. when adjusted up
ward by --5% at 17 K, 10% at 20 K, and 2% at 24 K. Such 
adjustments are probably not inconsistent with the experi
mental uncertainties ( ± 10% according to Batdalovet al. 
and not given by Berthel). The coefficient of the T 5 term 
thus obtained from Berthel's data is about 4% higher than 
that given by Batdalov et al. for their purest specimen (data 
set 182). The present recommendations for the electrical re
sistivity of tungsten at temperatures below 40 K are based on 
the data of Batdalov et al. The values are for a specimen with 
residual resistivity of 0.000 015 ox 10-8 n m reported by 
Berthel (data set 199) which represents the lowest value and, 
hence, the purest sample reported in the literature for tung
sten. 

For temperatures above 40 K, there are a few data sets 
for quite pure tungsten specimens. Batdalov et al.77 (data set 
182) reported values up to --- 80 K; Batdalov et al.77 (data set 
178) to 288 K; and DeHaas and DeNobel31 (data set 53) to 90 
K. The data of DeHaas and DeNobel agree to within ± 5% 
with the other two at -- 70 K, even though their residual 
resistivity is an order of magnitUde higher. In addition, the 
data of White and Woodsll (data set 12) are also in good 
agreement ( ± 7%) with those of Batdalov et al. 77 (data set 
178) and those of DeHaas and DeNobel31 (data set 53) in the 
temperature range ~ 80 to 280 K. Also, the data of Moore et 
al.58 (data set 123) for an electron-beam melted specimen 
agree to within ± 1 % above 100 K with those of White and 
Woods. The recommended values from 40 K to room tem
perature are based on the data discussed above. Although 

. specimens investigated within this temperature range have 
slightly different purity, equal weight was given to all five 
data sets. 

There are a large number of data sets available for the 
electrical resistivity of tungsten above 300 K. With some 
exceptions, the agreement among the available data is fairly 
good both in magnitude and in the general trend of the vari
ation with temperature. For example, with the exception of 
those of Forsythe and Worthing29 (data set 50). the data of 
Martynyuk and Tsapkov45 (data set 87), Cezairliyan and 
McClure50 (data set 96), Shaner et al.57 (data set 120), and 
Jones63 (data set 127) at around the melting point show a 
scatter of only about ± 5 X 10-8 n m. The majority of the 
data near 1600 K fall within a band of ± 2 X 10-8 n m. The 
recommended values are based on the data of Blewitt4 (data 
set 4), Roberts14 (data set 16), Neimark and Voronin23 (data 
set 39), Kraev and Evgenev33 (data set 65), Osborn34 (data set 
66), Zwikker41 (data set 72), Fitzer44 (data set 86), Cezair
liyan and McClure50 (data sets 96-104), Vertogradskii and 
Chekhovskoi55 (data set 118), Moore et al.58 (data set 121), 
Williams59 (data set 124), Jones63 (data set 127), Minges64 

(data set 129), Taylor et al.65 (data set 130), and of Taylor66 
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TABLE 5. RECOMMENDED VALUES FOR THE ELECTRICAL RESISTIVITY OF TUNGSTENB 

rTemperature, T, K; Electrical Resistivity. p, 10-8 n m] 

T p 
T P 

uncorrected corrected uncorrected corrected 

0 0.0000150 0.0000150 1100 27.46 27.57 
1 0.0000157 0.0000157 1200 30.54 30.68 
4 0.0000267 0.0000267 1300 33.68 33.84 
7 0.0000580 0.0000580 1400 36.86 37.06 

10 0.000137 0.000137 1500 40.09 40.33 

15 0.000567 0.000567 1600 43.36 43.65 
20 0.00196 0.00196 1700 46.67 47.01 
25 0.00553 0.00553 1800 50.02 50.41 
30 0.0133 0.0133 1900 53.41 53.85 
40 0.0544 0.0543 2000 56.83 57.33 

50 0.142 0.141 2200 63.76 64.41 
60 0.266 0.266 2400 70.81 71.63 
70 0.423 0.422 2600 77 .98 79.00 
80 0.606 0.606 2800 85.26 86.51 
90 0.809 0.809 3000 92.66 94.18 

100 1.021 1.020 3200 100.2 102.0 
150 2.090 2.088 3400 107.8 110.0 
200 3.18 3.18 3600 115.6 118.3 
250 4.30 4.30 3660 118 ~ s~ 120!8{s2 
273 4.82 4.82 3660 131(~ ) 

293 5.28 5.28 4000 135 
298 5.40 5.40 4500 151 
300 5.44 5.44 5000 160 
400 7.83 7.83 
500 10.34 10.35 

600 12.98 13.00 
700 15.73 1:5.10 
800 18.56 18.61 
900 21.47 21.53 

1000 24.43 24.51 

a The values are for tungsten of purity 99.99'!b or higher, but: t:ho5e below 
200 K are applicable siecifically to tungsten having a residual resistiv
ity of 0.0000150 x 10- n m. The estimated uncertainty in the values is 
within .:t5% at low temp.eratures • .:t3 .. from 100 K to 300 K • .:t~ from 300 K 
to '1500 Ie ±g" from 2500 K to the melting point. and about +5% in the 
liquid region. The columns headed uncorrected and corrected refer to 
values uncorrected and corrected for thermal expansion. respectively. 
The solid line separating tabular values indicates solid to liquid state 
transformation. 

(data set 143). For temperatures below 500 K, the data of 
Tye6 (data set 8), Moore et al.58 (data set 123), and Forsythe 
and Watson62 (data set 126) are also taken into account. 

The recommended value at the melting point is 
6 X 10-8 n m higher than that of Martynyuk and Tsapkov45 

(data set 87), and 1 X 10-8 n m lower than that of Shaner et 
al.57 (data set 120). The ratio of electrical resistivity for liquid 
and solid tungsten at the melting point is in excellent agree
ment with a value of 1.08 ± 0.01 reported by Lebedev.81 

Grosse,82 based on his studies on low melting metals, sug
gested a hyperbolic behavior to electrical conductivity (lip) 
of liquid tungsten with a value equal to zero at its critical 
temperature. Although Grosse reported values up to the 
critical temperature, due to lack of supporting evidence, val
ues only up to 5000 K are included in the present data analy
sis. 

There are only two data sets available for the electrical 
resistivity of tung stell ill the molten state (data sets 87, 120). 
Both of these measurements were carried out with the pulse
heating technique. The difference between these two data 
sets is 7X 10-8 f) m (4X 10-8 f1 m for the solid state) at the 
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melting point. The recommended value for molten tungsten 
is obtained by multiplying the recommended value for the 
solid state by the resistivity ratios at melting from these two 
data sets. 

For the purpose of easy numerical manipulation, the 
following polynomial expressions are given for calculating 
the electrical resistivity of tungsten: 

1 K<T<4DK, 

P = 0.000 015 + 7X 10-7 T 2 

+ 5.2X 10-IOT s. 

40 K<T<90 K, 

p = 0.144 07 1.16651 X 10-2T 

+ 2.414 37X 10-4 T z - 3.663 35 X IO-9r 4
• 

90 K<T<750 K, 

p = tOnH 71 + 2.068 84X 10-2T 

+ 1.27971 X 10-6T 2 + 8.53101 X 10-9r 3 

- 5.141 95X 10- 12T 4
• 
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750 K<;T<;3600 K, 

P = - 1.72573 + 2.143 50X 10-2T 

+ 5.748 11 X 10-6T 2 
- 1.136 98X 10-9T 3 

+ 1. 1167 X 10- 13T 4
• 

It should be noted that the fact that these polynomials are 
given does not necessarily imply a recommendation for the 
temperature derivative of the electrical resistivity of tung
sten. 

The recommended values of the electrical resistivity 
given in Table 5 and shown in Figs. 9 and 10 are for tungsten 
of99.99% purity or higher, but those below 200 K are appli
cable specifically to tungsten with residual resistivity 
0.000 015 Ox 10-8 n m. The table gives both values uncor
rected and corrected for thermal expansion, while the figures 
show only the uncorrected recommended values and mostly 

uncorrected experimental data. The values for the thermal 
expansion were taken from Ref. 80. The uncertainty is esti
mated to be ± 5% below lOOK, ± 3% from 100 to 300 K, 
± 2% from 300 to 2500 K, ± 3% from 2500 K to the melt

ing point, and about ± 5% in the liquid region. 
Because of its high melting temperature, tungsten of 

high purity is apparently quite readily available:. Tllt:re: have 
been studies on the effect of external-boundary scattering on 
the electrical resisitivity of tungsten at liquid-helium tem
peratures when the electron mean free path becomes com
parable to the smallest dimensions of the specimens. See, for 
example, Baer and Wagner,43 Batdalov et al.,77 Berthel/8 

and Stone et al.79 Batdalov et al. concluded that at liquid
helium temperatures, boundary. scattering accounts for 
more than 80% of the total resistivity for their purest speci
men (RRR 86000). This contribution diminishes rapidly to 
less than 3% at 20 K. This conclusion, at least for liquid
helium temperatures, appears to be confirmed by the result 
of Stone et al. In addition, the electron-electron scattering 
term (i.e., the T 2 term) makes a large relative contribution at 
temperatures below 20 K. Thus, the electrical resistivity of 
tungsten with slightly higher residual resistivity (say, with 
RRR of --10000) is difficult to estimate. However, for 
specimens in which impurity scattering becomes quite im
portant, where the residual resistivity is --0.01 X 10-8 J1 m, 
it appears that the application of Matthies sen's rule for tem
peratures below 200 K would not introduce uncertainties in 
excess of those given in the preceding paragraph [see data of 
White and Woods1o (data set 12) and of Moore et al.58 (data 
set 123)]. 

It should be mentioned that even though a large portion 
of the data are for single-crystalline specimens, the differ
ence between these and polycrystalline specimens seems to 
be insignificant. Since tungsten has a bcc structure, the effect 
of crystal orientation on its electrical resistivity should in
deed be very small. This is also exemplified by the lack of 
interest of the authors (of the data compiled in this study) in 
reporting the orientation of their single-crystalline speci
mens. 
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